2D heterostructures,m ade by stacking different 2D crystals on top of each other at the nanoscale,have properties and applications not available from their individual building blocks.Recently,2Dheterostructures including MoS 2 assembled on 2D conductive scaffolds have attracted great attention for energy storage applications. [1] MoS 2 ,arepresentative 2D transition-metal dichalcogenide,isemerging as apotential candidate for lithium-ion storage.
[2] 2H MoS 2 ,t he most common polytype,s uffers from intrinsically poor electrical conductivity and large volume change upon cycling. [3] Additionally,itisdocumented that apolysulfide shuttling problem during the discharge process may cause premature electrode failure via electrochemical degradation of the active material.
[2b] As aresult, MoS 2 electrodes exhibit poor cycle stability and rate capability.H owever,i n2 Dh eterostructures,t he intimate interfacial interaction between MoS 2 and the conductive agent cannot only facilitate the electron transfer,but also retain the large electrode/electrolyte contact to completely fulfill the potential of the active material (MoS 2 ). [4] Consequently,i mproved electrochemical performances of MoS 2 -based electrodes can be expected.
In 2011, af amily of 2D materials called MXenes was discovered. [5] Theformula of MXenes is M n+1 X n T x ,where Mis an early transition metal, Xiscarbon and/or nitrogen, n = 1, 2 or 3, and T x refers to surface terminations such as OH, Oand F.
[6] Due to their layered structure and high conductivity, MXenes are well-suited for energy storage. [7] In particular, MXenes are promising candidates for lithium-ion storage.
[8]
On one hand, the low Li + diffusion barriers on the MXenes surface [8a] and their excellent conductivity [9] could facilitate ionic and electronic transport. On the other hand, MXenes have been applied to confine different materials and prevent their cracking during charge-discharge cycling, inclduing metal oxides,p olymers,a nd MoS 2 .
[10] However,M Xenebased 2D/2D heterostructures have not reported so far.
In 2015, we discovered an ordered double transition-metal Mo 2 TiC 2 T x MXene,i nw hich an atomic layer of Ti is sandwiched between two layers of Mo in the metal carbide structure.This unique arrangement of atoms gives Mo 2 TiC 2 T x different properties than the Ti 3 C 2 T x MXene. [11] Since only Mo atoms are on the surface of Mo 2 TiC 2 T x MXenes,i ts surface Mo À Om otifs might be converted into Mo À Sb onds under acertain condition, resulting in the formation of MoS 2 , similar to the transformation from MoO 2 or MoO 3 to MoS 2 . [12] Here,w eprepared few-layered MoS 2 on Mo 2 TiC 2 T x MXene heterostructures by an in situ sulfidation method. The2 D MoS 2 -on-MXene heterostructures feature intimate interfacial interactions,w hich maximize the potential of conductive MXene as support for MoS 2 .
MoS 2 /Mo 2 TiC 2 T x heterostructures were prepared as schematically illustrated in Figure 1a .( Experimental details are provided in the Supporting Information.) In the first step, Mo 2 TiC 2 T x with sulfur particles incorporated between the MXene flakes (S/Mo 2 TiC 2 T x )w ere obtained by al iquid mixing process.W eh ypothesized that heating S/Mo 2 TiC 2 T x hybrids in an inert atmosphere could transform MoÀOmotifs to MoS 2 on the surface of Mo 2 TiC 2 T x and remove residual sulfur simultaneously,p roducing MoS 2 /Mo 2 TiC 2 T x heterostructures.T odoso, we heat treated the S/Mo 2 TiC 2 T x hybrids at 500 8 8Co r7 00 8 8Cf or 4hours under argon, and the asobtained products were denoted as MoS 2 /Mo 2 TiC 2 T x -500 and MoS 2 /Mo 2 TiC 2 T x -700, respectively.
In the Raman spectrum of pure Mo 2 TiC 2 T x (Figure 1b) [13] In the Raman spectrum of MoS 2 /Mo 2 TiC 2 T x -500, two bands at 381 and 404 cm À1 are observed, which are assigned to the in-plane E 2g and out-of-plane A 1g modes of 2H-phased MoS 2 ,r espectively. [14] Theband at around 570 cm À1 could be attributed to 2E 1g [15] or A 2u + XA vibrations.
[15b] Moreover,since the 633 nm excitation is in resonance with the indirect band gap of MoS 2 , one-phonon-forbidden Raman vibrations can now be seen at 454 cm À1 ,w hich can be attributed to A 2u or E 1g + XA band. Thev ibration at 187 cm À1 can be attributed to the acoustic out-of-plane mode ZA(M). [16] These vibrations could also be observed for MoS 2 /Mo 2 TiC 2 T x -700, indicating the formation of MoS 2 .T he formation of MoS 2 could also be verified by high-resolution X-ray photoelectron spectroscopy. [11b] The d-spacing of Mo 2 TiC 2 T x decreased from 21.53 to 14.06 and 13.71 for MoS 2 /Mo 2 TiC 2 T x -500, and MoS 2 /Mo 2 TiC 2 T x -700, respectively.T he peak around 13.58 8 in the XRD patterns of the heat-treated samples can correspond to both the (004) peak of Mo 2 TiC 2 T x and the (002) peak of MoS 2 with d-spacing of 6.62 .A dditionally,n ew peaks appeared in the XRD patterns of the heat-treated samples:t wo broad peaks at 36 and 438 8 and an arrower peak at 638 8 (Figures 1c and Figure S2) , matching the peaks of 2H MoS 2 ,with smaller a-lattice parameter (a-LP). These peaks were shifted to the left as we increased the time and temperature of the heat-treatment. Thereported a-LP of Mo 2 TiC 2 T x at 2.93 is smaller than that of the MoS 2 at 3.16 , [11b,17] (Tables S1 and S2 ), the atomic content of S increased with the temperature,and the Mo:S ratio was 2:0.95 and 2:2.09 for MoS 2 /Mo 2 TiC 2 T x -500 and MoS 2 /Mo 2 TiC 2 T x -700, respectively.Accordingly,the Mo 2 TiC 2 T x :MoS 2 ratios are calculated to be 1:0.62 and 1:2.19 for MoS 2 /Mo 2 TiC 2 T x -500 and MoS 2 /Mo 2 TiC 2 T x -700, respectively.T he transmission electron microscopy (TEM) images of MoS 2 /Mo 2 TiC 2 T x -500 are shown in Figure 2c .Alattice spacing of about 14.0 was identified, which is in agreement with the (002) peak position in the XRD pattern of the Mo 2 TiC 2 T x .I na ddition, an ewly formed layered compound on Mo 2 TiC 2 T x with an interlayer spacing of 6.9 was found, similar to that of bulk MoS 2 (6.15 ). [18] This value is in agreement with the d-spacing that we calculated from the (002) peak of MoS 2 in XRD patterns. Figure 2c shows that two layers of MoS 2 contact intimately with Mo 2 TiC 2 T x layers,f orming MoS 2 -on-MXene heterostructures.F rom the TEM image of MoS 2 /Mo 2 TiC 2 T x -700 (Figure 2d) , it can be seen that there are more MoS 2 layers, suggesting that ah igher temperature of 700 8 8Cf acilitates the formation of MoS 2 .
We also performed computational investigations of the structural and electronic properties of the heterostructure. Figure S3b shows Figure S4 , indicating ac apacitorlike performance without obvious redox peaks.F igure 3a
shows the CV curves of MoS 2 /Mo 2 TiC 2 T x -500. In the first cycle,t he cathodic peak at 0.8 Vr epresents the intercalation of lithium ions into the triangular prism structure of MoS 2 or Mo 2 TiC 2 T x ,while the peak at 0.5 Vcould be the reduction of Li x MoS 2 to Mo and Li 2 Sb ased on the conversion reaction. [2b,19] Another small cathodic peak around 0.2 Vcould be due to the formation of as olid electrolyte interface (SEI) layer or an irreversible reactions of Li with the surface functional groups.Inthe anodic scan, the peak at 1.3 Vcould be assigned to the oxidation of Mo and delithiation of Li x Mo 2 TiC 2 T x ,while the peak at 2.3 Vcould be corresponded to the delithiation of Li 2 S. [2b, 11a] In the subsequent cathodic scan, the peaks at 1.2 and 1.9 Vc ould be assigned to the formation of Li x MoS 2 and Li 2 S, respectively.
[2] Analogous cathodic and anodic peaks could be observed in CV curves for MoS 2 /Mo 2 TiC 2 T x -700 ( Figure S5 ). These reactions also can be found from galvanostatic charge/discharge curves (Figure 3c) . In discharge processes,t he plateaus around 1.9 and 1.2 Vi ndicate the formation of Li 2 Sa nd Li x MoS 2 ,w hile the plateaus at around 1.3 and 2.3 Vinc harge processes coming from the oxidation of Mo or delithiation of Li x Mo 2 TiC 2 T x ,and the delithiation of Li 2 S.
As shown in Figure 3b ,a t1 00 mA g À1 ,M oS 2 /Mo 2 TiC 2 T x -500 delivered initial charge and discharge capacities of 554 and 646 mA hg À1 ,which are 4.1 and 2.4 times of those of pure Mo 2 TiC 2 T x (134 and 268 mA hg À1 ,respectively). Theobtained charge capacity is also much higher than multilayer Mo 2 TiC 2 T x reported previously.
[11a] Thee nhanced capacity could be attributed to an open structure of MoS 2 /Mo 2 TiC 2 T x compared to the restacked pure Mo 2 TiC 2 T x ,l eading to smaller ion diffusion resistance as shown in the electrochemical impedance spectra (Figure S6 ), as well as much higher theoretical capacity of 670 mA hg À1 of MoS 2 . [20] In addition, the initial Coulombic efficiency of MoS 2 /Mo 2 TiC 2 T x -500 is 86 %, which is much higher than that of pure Mo 2 TiC 2 T x (50 %). In the following cycles,t he charge capacity of MoS 2 / Mo 2 TiC 2 T x -500 increases to 580 mA hg À1 ,d ue to the activation of the electrode material. After 100 cycles,t he charge capacity remains at 509 mA hg À1 ,w hich is 92 %o fi ts first cycle and 9.7 times of the capacity obtained by pure Mo 2 TiC 2 T x (52 mA hg À1 ), demonstrating good cycling performance.T he good cycling stability can also be observed in charge-discharge curves as shown in Figure 3c .C ompared with pure MoS 2 , [21] MoS 2 /Mo 2 TiC 2 T x -500 hybrid also shows enhanced capacity and cycling performance.O nt he other hand, MoS 2 /Mo 2 TiC 2 T x -700 exhibits ac harge capacity of 482 mA hg À1 in the first cycle but apoor cycling performance and decreases to 126 mA hg À1 after 100 cycles (Figure 3b ). This could be ascribed to the formation of alarge amount of MoS 2 in MoS 2 /Mo 2 TiC 2 T x -700 as discussed above.Moreover, the Coulombic efficiencies follow the order of MoS 2 / Mo 2 TiC 2 T x -500 > MoS 2 /Mo 2 TiC 2 T x -700. Figure 3dshows the rate performances of pure Mo 2 TiC 2 T x and MoS 2 /Mo 2 TiC 2 T x -500. At acurrent density of 50 mA g À1 , ah igh reversible average capacity of 548 mA hg À1 can be achieved. As the current density gradually changed to 100, 200, 500, 1000 and 2000 mA g À1 ,t he MoS 2 /Mo 2 TiC 2 T x -500 electrode delivered capacities of 523, 484, 407, 315 and 182 mA hg À1 ,respectively.Even at ahigh rate of 5000 mA g À1 , MoS 2 /Mo 2 TiC 2 T x -500 had the capacity of 90 mA hg À1 .W hen the current density returned to 50 mA g À1 ,t he capacity returned to 572 mA hg À1 .F or pure Mo 2 TiC 2 T x ,t he average capacities at all scan rates were below 100 mA g À1 and decreased further with the increasing scan rate.C ompared with pure MoS 2 , [21] MoS 2 /Mo 2 TiC 2 T x -500 hybrid also shows enhanced rate performance.
It is well-known that pure MoS 2 electrodes suffer from poor cycling performance. [21] To investigate the reason for our enhanced lithium storage performance,w ep erformed firstprinciples calculations to study the influence of Mo 2 TiC 2 T x MXene on the adsorption behavior of Li and its discharge product Li 2 S. In the Li intercalation step,three Li adsorption sites are considered on MoS 2 and MoS 2 /Mo 2 TiC 2 O 2 surfaces, as shown in Figure 4a MoS 2 /Mo 2 TiC 2 O 2 interface also shows electrons accumulation, indicating stronger charge transfer.
In the following step,Li x MoS 2 will convert into Li 2 Sinthe cathodic process and the reversible reaction will occur in the anodic process.T herefore,a ne ffective host for the intermediate Li 2 Sw ill be important for ah igh Coulombic efficiency and stable cycling performance.T hree relaxed adsorption configurations and corresponding binding energies of Li 2 SonMoS 2 and Mo 2 TiC 2 O 2 surfaces are presented in Figure 4f ,hand S6. Apparently,Mo 2 TiC 2 O 2 shows astronger adsorption for Li 2 Swith lower binding energies.The structure of the Li 2 Sm olecule is shown in Figure S7 Figure 4g and i, more obvious charge transfer between Li 2 S and Mo 2 TiC 2 O 2 implies astronger interaction.
In fact, during the conversion from Li x MoS 2 to Li 2 S, several intermediate polysulfides will form. [22] Similar to Lisulfur batteries,t he polysulfide shuttling problem during discharge process may also occur.
[2b] Here,wetook 
